Sec14p is an essential phosphatidylcholine/phosphatidylinositol transfer protein with a well-described role in the regulation of Golgi apparatus-derived vesicular transport in yeast. Inactivation of the CDP-choline pathway for phosphatidylcholine synthesis allows cells to survive in the absence of Sec14p function through restoration of Golgi vesicular transport capability. In this study, Saccharomyces cerevisiae cells containing a SEC14 temperature-sensitive allele along with an inactivated CDP-choline pathway were transformed with a high-copy-number yeast genomic library. Genes whose increased expression inhibited cell growth in the absence of Sec14p function were identified. Increasing levels of the Rho GTPase Cdc42p and its direct effector kinases Cla4p and Ste20p prevented the growth of cells lacking Sec14p and CDP-choline pathway function. Growth suppression was accompanied by an increase in large and multiply budded cells. This effect on polarized cell growth did not appear to be due to an inability to establish cell polarity, since both the actin cytoskeleton and localization of the septin Cdc12p were unaffected by increased expression of Cdc42p, Cla4p, or Ste20p. Nuclei were present in both the mother cell and the emerging bud, consistent with Sec14p regulation of the cell cycle subsequent to anaphase but prior to cytokinesis/septum breakdown. Increased expression of phosphatidylinositol 4-kinases and phosphatidylinositol 4-phosphate 5-kinase prevented growth arrest by CDC42, CLA4, or STE20 upon inactivation of Sec14p function. Sec14p regulation of phosphoinositide levels affects cytokinesis at the level of the Cdc42p/Cla4p/Ste20p signaling cascade.
The role of the Saccharomyces cerevisiae phosphatidylcholine (PC)/phosphatidylinositol (PI) transfer protein Sec14p as an essential regulator of Golgi apparatus-derived vesicular transport is well established (3-5, 10, 22, 31, 44, 52, 54, 58, 68) . A set of five recessive mutations have been identified that allow cells to live in the absence of the normally essential SEC14. Inactivation of these genes bypasses the requirement for Sec14p in secretion from the Golgi apparatus and thus restores life to sec14 cells. Each of these "bypass sec14" genes codes for a protein involved in the regulation of phospholipid metabolism. These include the three enzymes of the CDP-choline pathway for PC synthesis, Cki1p, Pct1p, and Cpt1p; the phosphatidylinositol-4-phosphate (PI-4P) phosphatase Sac1p; and a member of the oxysterol binding protein family that also binds PI-4P, Kes1p (10, 17, 22, 26, 31, 48, 69) . Experimental evidence points to a role for the PC and PI binding capacity of Sec14p to act as a regulator of phospholipid metabolic flux within the Golgi apparatus to ensure a secretion-competent lipid environment (10, 31, 41, 52, 58, (66) (67) (68) .
Determination of the structure of Sec14p (55) revealed that the same protein fold, termed the CRAL-TRIO domain, is predicted to be present within several mammalian proteins, including the guanine nucleotide exchange factors Trio, Dbl and Dbs (2, 13, 29, 43, 50, 51, 56, 61, 64) ; several GTPaseactivating proteins, including those for Arf and Rho family members as well as neurofibromin (mutations in which cause the common autosomal dominant disease neurofibromatosis) (2, 20, 50) ; the ATCAY protein, inherited mutations in which are the cause of cerebellar ataxia (Cayman type) (6, 46) ; and retinaldehyde and ␣-tocopherol binding proteins (1, 8, 27, 38, 39, 47) . Roles for these Sec14p domain-containing proteins include cellular migration, transformation, neural transmission, and the visual cycle, suggesting that Sec14p domains may regulate functions in addition to Golgi apparatus-derived vesicular transport.
Since "bypass sec14" mutations allow yeast cells to transport vesicles from the Golgi apparatus independently of Sec14p function, we performed a genetic screen in a "bypass sec14" strain as a means to unmask new roles for Sec14p. In yeast, cell cycle progression is accompanied by polarized growth from the mother to the daughter cell. A key event mediating polarized growth is recruitment of the small Rho family GTPase Cdc42p to the bud site (1, 8, 27, 47, 72) , where Cdc42p interacts directly with several proteins including the p21-activated kinases (PAKs) Ste20p and Cla4p. Cla4p and Ste20p in turn signal as yet poorly characterized effectors to direct cell growth toward the bud (7, 11, 12, 15, 19, 62, 65) .
Data in this study reveal that the Cdc42p/PAK signaling pathway is responsive to Sec14p regulation of phosphoinositide metabolism, which in turn affects polarized cell growth.
The effect on polarized cell growth by Sec14p did not appear to be due to an inability to establish cell polarity but instead was due to slowed progression through the cell cycle at a stage between anaphase and cytokinesis/septum breakdown.
MATERIALS AND METHODS
Yeast media, strains, and plasmids. The rich medium used was yeast-peptonedextrose (YPD; 10 g/liter Bacto yeast extract, 20 g/liter Bacto peptone, and 20 g/liter dextrose), and the minimal medium was synthetic dextrose (SD; 1.7 g/liter yeast nitrogen base without amino acids, 5 g/liter ammonium sulfate, 20 g/liter dextrose) containing the required nutritional supplements to complement strain auxotrophies and maintain plasmids. Bacto agar was added to the medium at 2% (wt/vol) prior to autoclaving to generate agar plates. Yeast strains were constructed using routine molecular and yeast genetic procedures; they are listed in Table 1 .
The 2 m plasmids for expression of PIK1, STT4, and MSS4 were the kind gift of Scott Emr (Cornell University); CLA4 and CDC24 were from Erfei Bi (University of Pennsylvania); BOI1 was from Alan Bender (Indiana University); ARF1, ARF2, and ARL1 were from Gerald Johnston (Dalhousie University); and STE20 was from Peter Pryciak (University of Massachusetts). A kinase-dead version of STE20 (K649R) was made by site-directed mutagenesis using the QuikChange II site-directed mutagenesis kit from Stratagene according to the manufacturer's instructions and was confirmed by DNA sequencing. A 2 m plasmid for expression of BEM1 was obtained from Daniel Lew (Duke University), as were low-copy-number plasmids for expression of green fluorescent protein (GFP)-Cdc42p, and GFP-Cdc12p. Plasmids were constructed using standard molecular techniques. Unless otherwise indicated, other yeast genes used were amplified from genomic DNA of strain W303a by PCR using primers 500 bp upstream and downstream of the open reading frame. DNA derived from PCR was sequenced to ensure polymerase fidelity and subcloned into low-copynumber (ARS/CEN) and high-copy-number (2 m) yeast shuttle vectors.
Genetic screen. Yeast with a temperature-sensitive SEC14 allele (sec14-1 ts ) and an inactivated choline kinase (cki1) gene (strain CTY160) (10) were transformed with a high-copy-number yeast genomic library at the permissive temperature of 25°C. Transformants were replica plated onto mimimal medium at both 25°C and 37°C, and suppressors of growth were identified by the absence of a yeast colony at 37°C. Approximately 20,000 transformants were screened. The average insert size was ϳ3 kb, implying that the genome was saturated approximately threefold. However, as described in Results, not all genes capable of affecting growth were recovered from the library screen, implying that the library is likely not complete. Of the 20,000 transformants, 65 colonies were identified as unable to grow at 37°C. Library plasmids were isolated from yeast, amplified in Escherichia coli, restriction enzyme mapped to eliminate identical inserts, and retransformed into CTY160 to ensure that suppression was plasmid dependent. The retransformed CTY160 strains containing library plasmids were transformed with SEC14 on a low-copy-number plasmid or empty vector. Only those strains that could be rescued by the presence of SEC14 on a low-copy-number plasmid at 37°C were considered further.
Immunofluorescence and microscopy. Fixed cells were resuspended in 100 g/ml calcofluor white in phosphate-buffered saline. Cells were washed five times with phosphate-buffered saline and mounted on polylysine-coated slides. GFPCdc12p and GFP-Cdc42p were visualized in live cells using the GFP filter set fitted onto a Zeiss Axiovert 200M microscope using a Plan-Neofluor 100ϫ oil immersion objective lens. Images were captured using a Zeiss AxioCam HR camera with Zeiss Axiovision (version 4.4) software. 3 H]methionine, respectively, as determined previously (23, 36, 37) .
Measurement of vesicular transport. The invertase secretion index was determined as described previously (10, 22, 66, 70) .
RESULTS
Identification of high-copy-number suppressors of growth of a "bypass sec14" strain. SEC14 is an essential gene whose study has been facilitated by the use of a temperature-sensitive allele, sec14 ts (10) . Loss of Sec14p function is accompanied by an inability to transport vesicles from the Golgi apparatus (3, 4, 10) . Yeast cells with an inactivated CDP-choline pathway for PC synthesis can bypass the requirement for Sec14p due to reestablishment of Golgi apparatus-derived vesicular transport (10, 22) . To identify new proteins/processes that are regulated by Sec14p, the "bypass sec14" yeast strain CTY160 (sec14 ts cki1) was transformed with a high-copy-number yeast genomic library to identify proteins that suppressed cell growth at the nonpermissive temperature for the sec14 ts allele. Transformants whose growth defect at 37°C could be rescued by the presence of SEC14 alone, and whose growth was unaffected by the presence of both SEC14 and CKI1 at any temperature, had their plasmid DNA inserts sequenced.
Of the plasmids that survived this analysis, two contained the CKI1 gene, coding for choline kinase, whose expression would directly reverse the bypass phenotype of the sec14 ts cki1 strain. For plasmids containing more than one gene, potential suppressor genes were amplified from the yeast genome by PCR and individually subcloned into a high-copy-number yeast vector with transcription under the control of endogenous promoters. Seven genes from the library screen were confirmed to inhibit the growth of sec14 ts cki1 cells (Table 2 ; Fig. 1A ). Growth inhibition by each gene was prevented if a low-copynumber plasmid carrying SEC14 was transformed into these cells, indicating that growth inhibition was dependent on decreased function of Sec14p (Fig. 1C) .
The protein products of the isolated genes include two members of a complex that regulates polarized cell growth, Cdc43p and Ste20p. Ark1p is a serine/threonine protein kinase involved in the regulation of cortical actin cytoskeleton formation and endocytosis. Tip1p is a major cell wall protein of unknown function that contains a lipase motif with the potential to metabolize lipids. Clb5p is a B-type cyclin that activates the cyclin kinase Cdc28p to promote initiation of DNA replication. Glc8p is a regulatory subunit of the type 1 serine/ threonine protein phosphatase Glc7p that regulates myriad cellular processes, and Seo1 is a putative permease of unknown function. We chose to focus on the role of Sec14p in the regulation of polarized cell growth because two genes that regulate this process, CDC43 and STE20, were recovered from our genetic screen and Sec14p homologues from other species are thought to regulate cell polarity through an unknown pathway(s). Rational discovery of additional suppressor genes. Cdc43p and Ste20p are part of the Cdc42p signal transduction pathway required for polarized cell growth and exit from mitosis (7, 8, 14, 16, 24, 46, 47, 50, 71) . Membrane association of Cdc42p is required for its function, with Cdc43p prenylating Cdc42p to facilitate Cdc42p membrane association. Ste20p is a kinase that directly interacts with GTP-bound Cdc42p. Ste20p and a second, similar PAK, Cla4p, are downstream effectors of Cdc42p (7, 11, 12, 15, 19, 34, 62, 65) . The guanine nucleotide exchange factor Cdc24p exchanges GDP for GTP to activate Cdc42p (7, 8, 12, 19, 57, 60) , and signaling by the Cdc42p pathway is assisted by the scaffold protein Bem1p (7, 19, 27, 57) . We determined the ability of each of these additional components of the Cdc42p signaling pathway to suppress the growth of sec14 ts cki1 cells. CDC42 and CLA4 were strong suppressors of the growth of the sec14 ts cki1 strain, while BEM1 and CDC24 were not (Fig. 1B) . Growth suppression was dependent on loss of function of SEC14, as evidenced by the fact that transformation of cells with a low-copy-number plasmid carrying SEC14 prevented growth suppression (Fig. 1C) .
To further assess the specificity of the growth defect upon increased expression of Cdc42p/PAKs to loss of function of both SEC14 and CKI1, we first transformed sec14 ts cells with plasmids overexpressing CDC42, CLA4, or STE20. Increased expression of CLA4, STE20 ( Fig. 2A) , or CDC42 (data not shown) did not affect the nonpermissive temperature for growth of sec14 ts cells. Second, we transformed sec14 ts cki1 cells with low-copy-number CKI followed by low-copy-number SEC14 (or empty vectors), followed by high-copy-number CLA4 or an empty vector. Growth was not inhibited at the nonpermissive temperature for the sec14 ts allele under any of these conditions. As expected, the sec14 ts cki1 cells transformed with the CKI1 plasmid and empty vectors could no longer grow at the nonpermissive temperature for the sec14 ts allele, while the same cells transformed with SEC14 alone, or both CKI1 and SEC14, grew at both 25°C and 37°C (Fig. 2B) . The sec14 ts cki1 cells containing a CLA4-overexpressing plasmid along with plasmid-borne SEC14 alone, or both CKI1 and SEC14, grew at both 25°C and 37°C. Consistent with the results shown in Fig. 2A , increased expression of CLA4 in sec14 ts cki1 cells transformed with low-copy-number CKI1 did not rescue cell death at 37°C. Consistent with the results from the genetic screen, sec14 ts cki1 cells containing empty vectors but a highcopy-number CLA4 plasmid exhibited reduced growth at 37°C (Fig. 2B) . Growth inhibition by Cdc42p/PAKs is specific to simultaneous loss of both Sec14p function and PC synthesis through the CDP-choline pathway.
To determine if it was the kinase-signaling properties of the Cdc42p/PAK complex, as opposed to assembly of the complex ts cki1 cells expressing the indicated genes from a high-copynumber plasmid were transformed with a low-copy-number plasmid containing SEC14 and grown to log phase in culture at 25°C. Equal numbers of cells were plated in 1:10 serial dilutions onto minimal medium and incubated at 25°C or 37°C. (Fig. 3A) . Thus, it is the kinase signaling transduced by the Cdc42p/PAK pathway that inhibits cell growth when Sec14p function is diminished. We also assessed the specificity of the Cdc42p/PAK pathway versus other small-G-protein-regulated processes for inhibition of the growth of sec14 ts cki1 cells. Increased expression of ARL1 or ARF2 did not affect the growth of sec14 ts cki1 cells at either permissive or nonpermissive temperatures for the sec14 ts allele, while increased ARF1 expression slightly inhibited growth at all temperatures (Fig.  3B) . Inhibition of growth of sec14 ts cki1 cells is not a general phenomenon associated with increased production of small G proteins in general.
There are a myriad of processes downstream of Cdc42p beyond the PAK pathway. One set of interactions is with Boi1p and Boi2p, two homologous proteins that also function in the maintenance of cell polarity. We transformed sec14 ts cki1 cells with a high-copy-number plasmid expressing BOI1 to determine whether inhibition of cell growth was specific to activation of Cdc42p and its downstream PAKs Cla4p and Ste20p or was a general phenomenon associated with Cdc42p activation of any pathway that affects cell polarity. Increased expression of BOI1 did not affect the growth of sec14 ts cki1 cells (Fig. 3C ), implying that Sec14p affects Cdc42p/PAK function rather than all pathways immediately downstream of Cdc42p.
Cell viability and secretory competence. Spo14p is the major PC phospholipase D in yeast; it hydrolyzes PC to produce phosphatidic acid and choline. SPO14 is normally not essential; however, loss of function of Spo14p in "bypass sec14" strains such as the sec14 ts cki1 strain used here results in growth suppression followed by cell death due to reestablishment of the "bulk" Golgi vesicular transport block observed upon inactivation of SEC14 (58, 68) . Several diagnostic assays were used to determine whether high-copy-number CDC42, CLA4, or STE20 was reestablishing a "bulk"' Golgi vesicular transport block or was preventing cell growth via a different mechanism.
Sec14p-regulated Golgi apparatus-derived vesicular transport is routinely measured by assessing the ability of sec14 strain was transformed with a low-copy-number plasmid containing CKI1 or an empty vector, followed by a second transformation with a low-copy-number plasmid containing an empty vector or SEC14 and a high-copy-number plasmid containing CLA4 or an empty vector. Cells were grown to mid-log phase at 25°C, and equal numbers of cells were serially diluted, spotted onto solid medium, and grown at 25°C or 37°C. ts cki1 strain expressing STE20 or a version of STE20 (K649R) that renders the kinase inactive from a high-copy-number plasmid was grown to log phase in liquid culture at 25°C. Equal numbers of cells were plated in 1:10 serial dilutions onto minimal medium and incubated at 25°C or 37°C. (B and C) The sec14 ts cki1 strain was transformed with 2m plasmids for overexpression of ARL1, ARF1, ARF2, or BOI1. Cells were grown to log phase in liquid culture at 25°C. Equal numbers of cells were plated in 1:10 serial dilutions onto minimal medium and incubated at 25°C, 35°C, or 37°C.
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Sec14p AND Cdc42p FUNCTION 1817 on October 26, 2017 by guest http://ec.asm.org/ cells to secrete invertase after a shift to the nonpermissive temperature. All known "bypass sec14" mutations, including inactivation of the CDP-choline pathway for PC synthesis in sec14 ts cki1 cells, result in reestablishment of invertase secretion. The invertase secretion index of sec14 ts cki1 cells overexpressing CDC42, STE20, or CLA4 was assessed. Increased CDC42, STE20, or CLA4 expression did not decrease the ratio of invertase secreted from the Golgi apparatus at the nonpermissive temperature of 37°C compared to that for controls (Fig. 4A) , indicating that invertase is successfully delivered from the Golgi apparatus to the plasma membrane and secreted.
Sensitivity to calcofluor white is often observed in cells with secretory defects, cell wall defects, or stress signaling defects, as calcofluor white inhibits cell wall assembly (28) . The calcofluor white sensitivity of secretory mutants is thought to arise from an impairment of the delivery of proteins required for cell wall synthesis. We observed that impairment of Sec14p function resulted in sensitivity to calcofluor white, since growth of the parental sec14 ts strain on a medium containing calcofluor white lowered the restrictive temperature for growth to 33°C (Fig. 4B) . The sec14 ts cki1 bypass strain was not sensitive to calcofluor white, consistent with restoration of secretion from the Golgi apparatus. Increased expression of CLA4, STE20, or CDC42 did not affect the calcofluor white sensitivity of sec14 ts cki1 cells, implying that growth inhibition does not occur via alterations in the delivery of cell wall-synthesizing proteins to the plasma membrane.
We also determined if the inability to grow in the absence of Sec14p function affected cell viability. For sec14 ts cells grown at the nonpermissive temperature of 37°C, cell growth inhibition is associated with death over time. To assess if inhibition of cell growth in sec14 ts cki1 cells due to overexpression of Cdc42p/ PAKs resulted in cell death versus cell growth inhibition, cells were grown to log phase at the permissive temperature of 25°C and then shifted to the nonpermissive temperature of 37°C for various times. Equal cell densities of each culture were removed, and colony formation on solid medium at 25°C was determined. Only cells that remained viable at the restrictive temperature would form colonies at 25°C. The sec14 ts strain lost significant viability after 16.5 h of growth at 37°C, and no viable cells were recovered after 27.5 h at 37°C (Fig. 4C) . In contrast, sec14 ts cki1 cells overexpressing CLA4, STE20, or CDC42 still formed colonies after 16.5 h at 37°C, with growth still obvious after 27.5 h at 37°C (Fig. 4C) .
A trivial mechanism for inhibition of growth of the sec14 ts cki1 strain by CDC42, STE20, or CLA4 could be through increased synthesis of PC (10, 22, 25, 48, 67) . To assess if PC synthesis was altered, we determined the rates of labeled [ 14 C]choline and [ 3 H]methionine incorporation into PC by the CDP-choline and phosphatidylethanolamine methylation pathways, respectively, at 25°C and 37°C. There were no alterations in the ability to synthesize PC through the CDP-choline or phosphatidylethanolamine methylation pathway in cells overexpressing CDC42, STE20, or CLA4 compared to that for vector controls (data not shown).
The combined data are consistent with the Cdc42p/PAK signaling pathway inhibiting a Sec14p function that is not the delivery of "bulk" secretory cargo-containing vesicles.
Regulation of polarized cell growth. Cell cycle delay in yeast cells is easily observed by morphological analysis, since the bud size increases as the cell cycle progresses (8, 9, 27) . We observed that sec14 ts cki1 cells with increased CDC42, STE20, or CLA4 expression grown at the nonpermissive temperature for the sec14 ts allele accumulated cells with large buds and multibudded cells over time (Fig. 5A) . We quantitated sec14 ts cki1 cells grown at 37°C for 15 h according to bud size and observed that 23% of cells contained large buds, but this proportion more than doubled, to 50 to 55%, in cells expressing CLA4, STE20, or CDC42 (Fig. 5A and B) . The number of cells with (C) Strains were grown to early log phase at 25°C, diluted to equal cell numbers, and shifted to 37°C. At the indicated time points, equal cell numbers were removed, and 1:10 serial dilutions were spotted onto plates and incubated at 25°C. more than one bud also increased two-to threefold in cells expressing CLA4, STE20, or CDC42 (Fig. 5A and B) . This is in contrast to results for vector controls, as well as both sec14 ts and wild-type cells, where large budded cells represented only ϳ20% of the population.
Chitin is deposited at the neck of a budding cell, eventually becoming a component of the new cell wall that is formed between the mother and daughter cells during cytokinesis (8, 9) . When visualized by staining with calcofluor white, chitin normally appears as a narrow band located at the neck and is useful for distinguishing between a cell that is budding and two discrete cells that are adjacent to each other. Calcofluor white staining clearly indicated that in essentially all cases, apposed cells were a mother cell in the process of budding to produce a daughter cell (Fig. 5B ).
An increase in the number of large budded cells is indicative of slowed cell cycle progression at G 2 /M. Nuclear DNA was stained to more precisely determine at which stage of G 2 /M the cells were affected. The large buds contained DNA, indicating that they had completed nuclear division/anaphase and were slowed at cytokinesis/septum breakdown (Fig. 5C) .
Gross defects in actin cytoskeleton organization often reflect alterations in cell polarization. Cortical actin cytoskeleton organization is regulated by Cla4p and Ste20p in a Cdc42p-dependent manner (15) . We assessed if cell polarity in general was affected by increased expression of CLA4, STE20, or CDC42 in sec14 ts cki1 cells by visualizing the actin patches with rhodamine phalloidin. Although actin is partially depolarized in sec14 ts cki1 cells (53), we did not observe any difference in actin patch distribution upon increased expression of CLA4, STE20, or CDC42 (data not shown).
A mitotic septin ring complex is laid down at the presumptive site of cytokinesis in a Cdc42p-and Cla4p-dependent manner (34, 62) . We determined the localization of the septin Cdc12p fused with GFP in sec14 ts cki1 cells overexpressing CLA4, STE20, or CDC42. GFP-Cdc12p was localized to the bud neck in a manner indistinguishable from that for wild-type cells at both 25°C and 37°C (Fig. 5D) . The combined actin organization and GFP-Cdc12p localization data indicate that cell cycle inhibition lies downstream of the establishment of cell polarity and septin assembly, consistent with problems in cytokinesis or septum breakdown.
The "bypass sec14" gene KES1 is required for growth inhibition by Cdc42p/PAKs. In the genetic screen performed here, the normally essential requirement for SEC14 was bypassed through inactivation of CKI1, which codes for one of the enzymes of the CDP-choline pathway for PC synthesis. Bypass of the essential function of SEC14 can also occur through inactivation of KES1, which codes for a member of the oxysterol binding protein family that also binds PI-4P, or of SAC1, which codes for a PI-4P phosphatase (10, 17, 22, 31, 48, 58, 68, 69) .
Recently, Kes1p was found to aid in the proper localization of Cdc42p during polarized cell growth/cytokinesis (30) , and consistent with this observation, we observed that increased CLA4, STE20, or CDC42 expression was unable to suppress the growth of sec14 ts kes1 cells but did suppress the growth of sec14 ts sac1 and sec14 ts cki1 cells (Fig. 6A) . Thus, proper localization of Cdc42p appears to be a requirement for inhibition of cell growth/cytokinesis when Sec14p function is decreased. To directly assess this, the location of GFP-Cdc42p was determined in sec14 ts cki1 and sec14 ts kes1 cells. At the nonpermissive temperature for the sec14 ts allele, GFP-Cdc42p was found primarily at sites of polarized cell growth. Staining was generally a little more diffuse at these sites in sec14 ts kes1 cells than in sec14 ts cki1 cells (Fig. 6B ). At 37°C, there was improper localization of GFP-Cdc42p in both sec14 ts cki1 and sec14 ts kes1 cells. In sec14 ts cki1 cells, GFP-Cdc42p was still present on FIG. 5 . Suppressed strains accumulate large buds and multiple buds but have normal septin localization. (A) CTY160 (sec14 ts cki1) cells containing a vector control or high-copy-number CLA4, STE20, or CDC42 were quantified according to bud size, and cells with different bud sizes are represented as percentages of the total population. (B) Calcofluor white staining of chitin at the bud neck. CTY160 cultures with a vector or overexpressing CLA4, STE20, or CDC42 were grown to log phase at 25°C, shifted to 37°C for 15 h, and then stained with calcofluor white. (C) CTY160 cells with or without high-copynumber CLA4, STE20, or CDC42 were grown to log phase at 25°C and then shifted to 37°C for 15 h. Cultures were fixed, and DNA was stained with 4Ј,6Ј-diamidino-2-phenylindole (DAPI) to visualize the nucleus. (D) CTY160 cells containing an empty vector or high-copynumber CLA4, STE20, or CDC42 were grown to log phase at 25°C and then shifted to 37°C for as long as 15 h. The septin Cdc12-GFP was localized to the bud neck in both suppressed and vector control strains at 37°C. Typical images are shown.
VOL. 6, 2007 Sec14p AND Cdc42p FUNCTION 1819 on October 26, 2017 by guest http://ec.asm.org/ membranes, primarily at the cell surface, but was no longer localized to sites of polarized growth. GFP-Cdc42p was diffused throughout the cell in sec14 ts kes1 cells. The data indicate that GFP-Cdc42p location is affected by inactivation of Sec14p function. GFP-Cdc42p still localizes to the cell periphery in cells lacking Sec14p and Cki1p function but is not polarized, while in cells lacking Sec14p and Kes1p function, GFP-Cdc42p is diffused throughout the cells and no longer associates with the cell surface.
Phosphoinositide regulation of Cdc42p/PAK inhibition of cell growth. Sec14p is a regulator of phosphoinositide levels in S. cerevisiae. The levels of PI-4P and PI-4,5P 2 are decreased by 50% in sec14 ts and sec14 ts cki1 cells grown at the nonpermissive temperature (21, 53) . To determine if the reductions in phosphoinositide levels due to decreased Sec14p function are responsible for Cdc42p/PAK inhibition of the cell cycle at cytokinesis, we transformed sec14 ts cki1 cells with plasmids that result in increased expression of the PI 4-kinases Pik1p and Stt4p, as well as the PI-4P 5-kinase Mss4p. Increased Pik1p, Stt4p, or Mss4p expression alleviated the growth arrest due to the presence of overexpressed CLA4, STE20, or CDC42 when Sec14p function was reduced by the growth of cells at the nonpermissive temperature for the sec14 ts allele (Fig. 7A) . The regulation of phosphoinositide levels by Sec14p controls Cdc42p/PAK progression through cytokinesis.
To order the events associated with the regulation of the Cdc42/PAK pathway by phosphoinositides, we overexpressed PIK1, STT4, MSS4, and SEC14 in a yeast strain containing a temperature-sensitive CDC42 allele (cdc42 ts ). The increased expression of these genes did not affect the growth of the cdc42 ts strain at 25°C, 35°C, or 37°C (Fig. 7B) , suggesting that phosphoinositides regulate either Cdc42p itself or a process upstream of Cdc42p.
DISCUSSION
This study has identified an additional role for Sec14p regulation of phospholipid metabolism beyond its well-characterized effects on Golgi apparatus-derived vesicular transport. Sec14p regulation of phosphoinositide levels in S. cerevisiae regulates cell cycle progression by way of the Cdc42p/Cla4p/ Ste20p signaling cascade. This is subsequent to the establishment of cell polarity and affects efficient progression through cytokinesis/septum breakdown.
These findings are consistent with previous observations regarding Sec14p homologues in other organisms. Inactivation of ) and CTY159 (sec14 ts kes1) were transformed with multicopy CLA4, STE20, or CDC42. Strains were grown to log phase, and equal cell numbers were spotted in 1:10 serial dilutions onto minimal medium plates at 25°C and 37°C. (B) sec14 ts cki1 or sec14 ts kes1 cells were transformed with a low-copy-number plasmid encoding GFP-CDC42. Cells were grown to mid-log phase at 25°C, and a subset of these cells were shifted to 37°C for 1 h prior to imaging of live cells. Typical images are shown.
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HOWE ET AL. EUKARYOT. CELL the Sec14p homologue from Schizosaccharomyces pombe, spo20, results in defects in both Golgi secretory function and completion of cytokinesis (42) . As well, the Sec14p homologues in the yeasts Yarrowia lipolytica and Candida albicans are essential for filamentous growth during mycelial growth mode (35, 40) . Mycelial growth is a form of polarized cell growth that is highly invasive and is a factor that determines the infectivity of fungal parasites. A role for Sec14p-like proteins in polarized cell growth has also been observed with an Arabidopsis thaliana mutant lacking a Sec14p related protein, AtSfh1p, where root hairs possessed high frequencies of multiple growing tips (63) . A general role for PI transfer proteins in the regulation of cytokinesis is emerging, since a structurally distinct class of PI transfer proteins has also been determined to regulate both Golgi apparatus-derived vesicular transport and cytokinesis. The Drosophila PI transfer protein Giotto is required for mitotic and meiotic cytokinesis, and this is accompanied by a decrease in the level of trafficking of Golgi apparatus-derived vesicles (18) , while the mammalian PI transfer protein Nir2 has been demonstrated to regulate both Golgi vesicular transport (32) and cytokinesis (33, 59) . It is abundantly clear that a conserved function of PI transfer proteins of both structural classes is the regulation of Golgi apparatus-derived vesicular transport and cell division at the level of cytokinesis. The current study has advanced our understanding by determining that in S. cerevisiae the regulation of phosphoinositide metabolism by Sec14p controls cell cycle progression and that the Cdc42p/PAK signaling cascade is responsive to Sec14p-mediated changes in phosphoinositide metabolism. Whether the Cdc42p/ PAKs are the sole process regulating cell fission by Sec14p control of phosphoinositide metabolism is an open question.
Increased expression of CDC42, CLA4, or STE20, but not of upstream activating components of this signaling pathway such as CDC24 or BEM1, prevented efficient cell cycle progression when Sec14p function was compromised. This implies that the phosphoinositide-responsive process is likely at or below the level of Cdc42p/PAKs. However, increased expression of the yeast PI 4-kinase STT4 or PIK1, or of the PI-4P 5-kinase MSS4, did not rescue the growth of cdc42 ts cells, consistent with phosphoinositides regulating the function of the Cdc42p/PAK pathway at the level of Cdc42p or above. Combined, the results imply that phosphoinositides regulate Cdc42p function. In mammalian cells there is a link between phosphoinositide levels and Cdc42p function. The Wiskott-Aldrich syndrome protein (WASP) stimulates assembly of the actin cytoskeleton by the Arp2/3 complex, and WASP is synergistically activated through binding to both Cdc42 and PI-4,5P 2 (49) . However, determining precisely how regulation of phosphoinositide levels by Sec14p controls Cdc42p function will require further study. Other studies with yeast on the regulation of Cdc42p indicate that an on/off cycle of GTP loading, hydrolysis of GTP for subsequent release, and reloading of GTP is required for cytokinesis to proceed (27) . Thus, either inactivation of the Cdc42p/PAK pathway or its constitutive activation can result in inefficient cytokinesis. Our current study is consistent with this model.
Previous to this work, the major defect observed upon inactivation of Sec14p was an inability to transport vesicles from the Golgi apparatus. Using a yeast strain with a temperaturesensitive allele of SEC14 along with a second mutation in the CDP-choline pathway for the synthesis of PC that results in the ability of cells to bypass the requirement for Sec14p in secretion from the Golgi apparatus, we uncovered a new role for Sec14p in S. cerevisiae. The regulation of phosphoinositide levels by Sec14p affects cell cycle progression at the level of cytokinesis by way of the Cdc42p/PAK signaling cascade. These findings are consistent with observed phenotypes upon inactivation of Sec14p functional homologues in other cell types including mammalian and plant cells, and they delineate a Sec14p-responsive pathway for the regulation of cytokinesis/ cell cycle progression. 
